We report on the magnetic field dependence of the apparent ferromagnetic ordering temperature (T F ) of the ferromagnetic semiconductor EuO doped with 8% Gd, La, or Lu. Chemical doping is a common method to increase the T F of EuO. Recent findings demonstrate that in thin films only a fraction of the dopants donate electrons into the conduction band. We show that the T F of doped EuO determined by the standard procedure drastically increases with applied magnetic fields. The comparison of measured data to theoretical models is in agreement with large fractions of dopant electrons being localized and the presence of magnetic disorder. and thin films. 8, [12] [13] [14] [20] [21] [22] [23] [24] [25] Despite exploiting the same physical mechanism to increase T C , the reported improvements vary strongly from experiment to experiment even for identical dopant elements and comparable dopant concentrations. These discrepancies might partially be explained by different magnetic background fields and different methods used to extract T C from the magnetic data including several superconducting quantum interference device (SQUID) magnetometry-based methods, x-ray magnetic dichroism (XMCD), second harmonic generation (SHG), magneto-optic Kerr rotation, and neutron reflectometry (see temperature (T F ) for meaurements performed in non-zero magnetic background fields.
and GaAs, 9 render EuO a very promising material for spintronic applications. In addition, theoretical calculations predict highly strained EuO to become ferroelectric and even multiferroic. 10 To make the outstanding physical properties of EuO of interest for more widespread use or even applications, the increase of its T C is one of the main problems to be addressed. Rare earth doping with trivalent ions like La, 7, 8, [11] [12] [13] Ce, 14 Nd, 12 Sm, 15 Gd, 8, 11, 12, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Ho, 11, 12 and Lu 8 is the most commonly applied technique to increase T C of EuO beyond its undoped value. This approach exploits an additional indirect exchange interaction, mediated via the conduction electrons supplied by the donors, that acts in addition to the direct Heisenberg exchange between the Eu 4f moments. 26, 27 Because of the simplicity of this approach, many doping studies have been performed on single crystals 11, [15] [16] [17] [18] [19] and thin films. 8, [12] [13] [14] [20] [21] [22] [23] [24] [25] Despite exploiting the same physical mechanism to increase T C , the reported improvements vary strongly from experiment to experiment even for identical dopant elements and comparable dopant concentrations. These discrepancies might partially be explained by different magnetic background fields and different methods used to extract T C from the magnetic data including several superconducting quantum interference device (SQUID) magnetometry-based methods, x-ray magnetic dichroism (XMCD), second harmonic generation (SHG), magneto-optic Kerr rotation, and neutron reflectometry (see To address these questions and to provide a database for the comparison of experiments, in this Letter we investigate the dependence of T F of 8% rare-earth-doped EuO (Eu 0.92 B 0.08 O, with B = Gd, La, Lu) on applied external magnetic fields. The doping concentration was chosen to be in the range of the maximum reported and theoretically predicted T F values. 15, 16, [21] [22] [23] 26, 27, 34, 35 The dopants were chosen to provide a spectrum of ionic radii, electron configurations, and to investigate possible differences between magnetic (Gd) and non-magnetic (La, Lu) dopants. To analyze systematically changes originating from applied external magnetic fields, we kept film thickness, microstructure, and oxygen content constant.
The films were grown using reactive oxide molecular-beam epitaxy (Veeco 930 and GEN10
MBE systems) on YAlO 3 single crystal substrates oriented within ±0.5
• of (110). 37 Europium and the dopant elements were co-evaporated from effusion cells. The respective fluxes were calibrated to the desired Eu/dopant ratio using a quartz crystal microbalance. The total metal flux was set to 1.1 × 10 14 atoms /cm 2 s. The films were deposited in O 2 partial pressures
Torr above the vacuum chamber background pressure of 2 × 10 −9 Torr.
To minimize additional charge carrier doping originating from oxygen vacancies, the films were grown in the adsorption controlled growth regime at a substrate temperature of T sub =
350
• C. 24, 37 To prevent their oxidation and to allow ex situ analysis, all films were capped with about 20 nm of amorphous silicon. After growth, ex situ four-circle x-ray diffraction (XRD) was used to characterize the structural quality of all films. The scans reveal epitaxial and single-phase films within the resolution limit of XRD. The high and comparable crystalline quality of all films is demonstrated by rocking curves on the 002 EuO peaks which show full width at half maximum of ≈ 0.01
• . The in-plane magnetic properties of all films were determined using SQUID magnetometry. 38 To acquire the magnetic field dependence of the Curie temperature (T F (µ 0 H)), the temperature dependence of the film magnetization at a sequence of applied background fields (M(T , H)) was measured for all films. 38 The ferromagnetic ordering temperatures were extracted from the M(T ) data by taking the negative temperature derivative of the normalized magnetization (−dM/dT (T )). The high temperature shoulder of the peak associated with the onset of ferromagnetism was then defined as T F . As it is the most commonly applied strategy within this approach, we chose to extract the T F values by eye. The increasing uncertainty of this method at high fields is reflected in the respective error bars. A strict criterion for the T F extraction could be introduced, but would be arbitrary and falsely suggest underlying physics and certainty which are not inherent to this method. To gain information about the dopant activation and to be able to compare the M(T , H) data to theory, the transport properties and charge carrier densities n at 4.2 K of the rare earth-doped samples were measured using the Hall effect. For this, bridges were patterned into the films by the method described in Ref. 23 . Despite the good qualitative agreement, theory and experiment differ quantitatively quite substantially, especially at low magnetic background fields. This is best demonstrated by comparing the T F (µ 0 H) characteristics of the 8% Gd-doped EuO sample to the theoretical values ( Fig. 2) , both derived from the characteristics shown in Fig. 1 . 38 At zero-field, the experimental Curie temperature of T C = 125 K is lower than the theoretical value for n = 9.0 × 10 20 cm −3 . The experimental T F (µ 0 H) shows a more pronounced increase at low fields and settles into a steady, but less steep slope at higher magnetic fields. The steeper slope of the experimental T F (µ 0 H) characteristics at high fields thereby leads to a gradual reduction of the T F difference between theory and experiment. These differences between experiment and theory are explained by the unjustified assumption of a totally unperturbed lattice of magnetic ions, just like in undoped EuO. This is a good assumption with respect to the 4f 7 electron configuration of Gd 3+ , which is identical to that of Eu 2+ . Nevertheless, one can expect that the incorporation of a high amount of doping impurities will cause local structural as well as magnetic disorder. As the magnetic disorder should be suppressed by the application of an external magnetic field, the discrepancy between theory and experiment is reduced, as observed. We also point out, that the measured charge carrier density of n = 9.0 × 10 20 cm −3 for 8% Gd-doped EuO corresponds to only 30% of the Gd ions donating an electron into the conduction band. In our case, a theoretical calculation based on the widespread assumption of 100% dopant activation would therefore grossly overestimate the charge carrier density and deviate completely from the experimental data (Fig. 2) 170% for Lu as compared to 154% and 159% for Gd and La, respectively. These findings, a high T F despite a low n and a larger overall T F increase with applied field, indicate that in addition to charge carrier density and magnetic disorder, additional influences such as film microstructure, dopants size, 25 and electron configuration might play a role in determining the Curie temperature of rare earth-doped EuO.
In conclusion, we have investigated the magnetic field dependence of the ferromagnetic ordering temperatures of 8% Gd-, La-, or Lu-doped EuO films and compared it to a the- include the influences of low dopant activity and of structural and magnetic disorder. In addition, the presented data demonstrates that T F , determined at even moderate magnetic background fields, tend to largely overestimate the intrinsic T C of the doped EuO samples.
The determination of T C at zero applied field is therefore preferable.
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